Wuhan, the central city in the middle reach of the Yangtze River of China, is famous for its lake resources. However, the city's lake area decreased by 37.4% from 1991 to 2005. This study aims to analyze the relationships between lake area reduction and lakefront land use changes in Wuhan. In this paper, the connections between the spatial changes of lake areal extent and land use changes in the lakefront were established with mathematical models such as Moran's I and spatial analysis models such as transition matrix. Regarding the impacts of lakefront land use changes on lake area in the urban and suburban districts of Wuhan City, it can be concluded that: (1) the loss rate of lake area would be increased if the proportions of lakefront land use changes transformed into developed or agricultural land from other land use categories became higher; (2) the higher spatial autocorrelation of lakefront land use classifications (Moran's I > 0.25) could be an indicator for the loss rate of lake area in urban district of the city; and (3) the vector sum of lakefront land use changes was related to the displacement of lake center.
Introduction
Lakes are very precious freshwater resources. Urban lakes, especially, are quite different from others: they can supply domestic water to residents, provide habitat for fish and waterfowls, and regulate the urban environment (e.g., humidity, temperature, and O2-CO2 exchange) [1] [2] [3] [4] [5] . Moreover, urban lakes can enhance a city's flood storage capability [6] . Lake water environment would lead to the spatial differentiation of the urban system [7] . On the other hand, urban lakes are more vulnerable to urbanization and human activities than other natural lakes. These impacts on urban lakes are mainly reflected in problems such as lake area decreasing and water pollution [8] [9] [10] . In recent years, most studies of urban lakes have focused on the water environment of lakes [11] [12] [13] [14] . In addition, a few studies monitored the changes in lake area due to urban expansion [15] [16] [17] . In recent studies, remotely sensed images have been widely used to extract the lake surface [18] so that changes in lake area could be acquired from the images in different periods. For instance, in Wuhan, the total lake area in 2005 was 37.4% less than it was in 1991. Although some investigations have discovered that the main reason of lake area reduction is lake infill [19] [20] [21] , there is still a lack of quantitative relationships between lake area changes and human activities. In terms of land resources, human activities or urban development could be represented by land use and land cover change (LUCC). In particular, the proportion of developed land (e.g., residential, commercial, and industrial land use) would be increased, and agricultural land (e.g., farmland) would be reduced in urban districts. Land use change has been studied extensively. Most of the previous studies have paid attention to the fringes of cities to simulate and predict urban expansion through remote sensing (RS) and geographical information systems (GIS) [22] [23] [24] . Some researchers have assessed the influences of land use changes on climate and analyzed the environmental problems caused by human activities, and then optimized the spatial allocation of resources [25] [26] [27] .
In recent years, a number of studies have proved that there are significant effects of land use changes on urban lakes and other urban water bodies [28] [29] [30] [31] . Some of these effects, such as lake infill, could even be unrecoverable and irreversible [32, 33] .
In spite of the above achievements, there are still some shortages in the research about urban lake area changes with LUCC. Firstly, the relationships between lake area and land use changes were qualitatively described, without quantitative analysis. Secondly, the studied area in previous studies was usually a watershed instead of a city [34, 35] . Finally, the land uses in the studied area were often considered as a uniform category and therefore their spatial differentiations with location were usually ignored [36] .
In order to solve these problems, by integrating the spatial information technology such as RS and GIS, this paper tries to quantitatively analyze the impacts of lakefront land use changes on lake area in Wuhan, China. The aims of this paper are to: (1) detect lake areal extents and extract land use classifications from Landsat TM/ETM+ remotely sensed images, (2) model the spatial correlation of lake area and land use changes with GIS, and (3) show the major relationships between lake area reductions and land use changes in the lakefront zones. Xiang [37] has proved that the desirable buffer widths range from a minimum of 7.9 m to a maximum of as much as 176 m. Du [20] has compared the land use conversions resulting from urban expansion within the buffer zones of 10 m, 30 m, and 100 m. In this paper, lakefront zones of 100 m from the lake shorelines were delineated.
Materials and Methods

Study Area
Wuhan, the capital city of Hubei Province, is located in the eastern Jianghan Plain of central China. The Yangtze River, the longest river in China, intersects its longest tributary, the Han River, at Wuhan. Wuhan has a subtropical monsoon climate with abundant rainfall and four distinctive seasons. There are plentiful freshwater resources, with over 166 lakes. For this reason, Wuhan is well known as the City of Hundreds of Lakes.
Wuhan has always been one of the largest cites in China and also the central city in the middle reach of the Yangtze River. The jurisdiction area is 8494.14 km 2 . As of 2005, the total population was over 8,580,000 [38] . There are 13 districts in the city, among which seven (Jiang'an, Jianghan, Qiaokou, Hanyang, Wuchang, Qingshan, and Hongshan) are known as urban districts; the remaining six are classified as suburban districts ( Figure 1 ). Urban districts form 10% of the total jurisdiction area and have 62% of total population (as of 2005). Accordingly, the average population density in urban districts is 5984 persons/m 2 , much more than the figure of 429 persons/m 2 in suburban districts. Since the 1990s, the proportion of urban population in Wuhan has been growing rapidly, with a level high (62%) above the national average (43%). Urbanization has compressed the space of urban lakes. Unrestrained human activities such as filling in the lake have resulted in lake area reduction or even lake disappearance. A statistical report on the lakes in Wuhan suggests that 89 lakes have vanished completely since the 1950s [39] .
In this paper, the lake area and land use classifications of Wuhan City are extracted from Landsat TM/ETM+ remotely sensed images both in 1991 and 2005 (Table 1) . During this period, the development of Wuhan was extremely rapid; however, the legislation for protection of the lake was not perfect yet. Meanwhile, these two years of images were both acquired in summer, which is the flood season of the city. According to the data from the National Climate Center of China, the accumulated precipitation before the image acquisition in 1991 and 2005 was 872 mm and 816 mm, respectively [40] , which showed that there was a similar rainfall condition in these two years, and therefore the impacts resulting from climate change, such as flood and drought, on the lake area could be largely ignored. In addition, during this period, hydroelectric dams had not been constructed and potable-water requirements from lakes had not greatly changed in Wuhan. So it could be thought that the lake area reductions during this period were mostly caused by human activities like land use changes. 
Extraction of Lake Areal Extent and Land Use Classification
Normalized Difference Water Index (NDWI) is usually used to detect water bodies. However, practices have indicated that NDWI could confuse water bodies with constructions in urban districts because both of them have similar spectral characteristics on Band 2 and Band 4 of Landsat TM/ETM+ remotely sensed image. Thus a modified NDWI (MNDWI) method has been introduced to replace the NDWI method [41] . MNDWI is formed as:
where 2 and 5 are the pixel values of the second and fifth bands in the Landsat images, respectively. As shown in Equation (1), Band 4 in NDWI is replaced by Band 5 because the water body has lower reflectivity in the mid-infrared band than construction. Therefore, MNDWI could effectively suppress the noise.
Lake water bodies of Wuhan City in 1991 and 2005 are extracted by adopting MNDWI (Figure 2 ). It is shown that the lake areas decreased significantly both in urban and suburban districts, and have been reduced by 37.4% in the whole city. It also seems that the losses of lake area tend to cluster in the central and southern parts of the city, where lake resources abound. On the other hand, by adopting ISODATA, which is an unsupervised classification algorithm, the land uses are categorized into six types in this study ( Table 2) . The percentages of each type of land use that have been transformed from the lost lake areas during the period of 1991 and 2005 of Wuhan are shown in Figure 3 . In suburban districts, the proportions of agricultural land are considerably larger than those of other land use types. In urban districts, besides developed land, shallow water and vegetated land also have a greater proportion because some wetland parks are constructed to restore lake infill (e.g., Shahu Lake). Furthermore, the agricultural land in urban districts is distributed mainly over the transition zones of urban and suburban districts. Meanwhile, bare land is tiny, with no more than 10% both in urban and suburban districts. The lower proportions of bare land further suggest that the effect of climate factors (e.g., drought and flood) on lake area change is almost negligible. 
Expression of Lake Area and Land Use Changes
Although the area changes of lakes could be different from each other, they can be abstracted as some basic modes. Figure 6 shows two kinds of basic changes that could be used to combine more complex changes. The two fundamental elements include size (area) and center of the lake extent.
(a) (b) Figure 6 . Two basic changes of lake area. (a) shrunk-lake area is reduced, and the lake center has not been moved; (b) shifted-lake area is not changed, but its position has shifted.
These two basic changes could be used to represent the loss rate and center displacement of lake area, respectively, in reality.
As shown in Table 1 , land uses in Wuhan are categorized into six types. If each of them is represented by its corresponding number (1 to 6), land use changes between 1991 and 2005 could be expressed by a double-digit number, in which the first digit represents land use type in 1991, and the second digit represents land use type at the same location in 2005. As an example, the double-digit number 45 in a grid means that the land use type of this grid in 1991 was category 4 (vegetated land), and in 2005, the land use type of the same grid was category 5 (developed land). So, a set can be used to express the land use changes as Equation (2) 
where is the kind of land use change in set , and and are the land use classifications in 1991 and 2005, respectively. In order to describe the spatial distribution of land use changes in a certain buffer around the lakefront, three characteristics, the proportion, spatial distribution, and vector sum of each type of land use change in the buffer, were chosen in this paper. Accordingly, a series of relationships between lake area and lakefront land use changes can be established (Figure 7 ). 
where is the loss rate of the k th lake area, = , ∈ 0, 1 , and R is the mean of ; is the proportion of land use change in the k th lakefront buffer, ∈ 0, 1 , ∑ = 1, is the mean of ; is the correlation coefficient between R and , ∈ −1, 1 ; and n is the number of lake areas. The magnitude of ρ could reflect how the loss rate of lake area has changed with the proportion of land use change . In other words, will the loss rate increase or decrease if is growing?
(1) If 0 < ≤ 1 there is a positive correlation between R and , which shows that an increasing is most likely to lead to the lake being filled in. (2) If = 0, cannot be correlated with the loss rate, this shows that the loss rate has nothing to do with the lakefront land use change. (3) If −1 ≤ < 0, there is a negative correlation between R and , which indicates that the higher the proportion of , the lower the loss rate.
Measuring Spatial Autocorrelation of Lakefront Land Use
It is obvious that lakefront zones with the same proportion for each type of land use may have different spatial distributions depending on the clustering of land uses (Figure 8 ). So it is very significant to analyze the relationships between the spatial distribution of lakefront land use and loss rate of lake area. Spatial autocorrelation indicator is one of the most important statistical characteristics used to describe the dependence and aggregation of features in space. In this paper, an indicator of Moran's I was adopted to represent the pattern of spatial distribution of lakefront land use. It is defined as Equation (4) [42]:
where is the number of grid in lakefront, is the land use type in the grid, ∈ 1, 6 , x is the mean of , is the land use type of the neighbor, and ω is a spatial weight of with .
Moran's I is a measure of global spatial autocorrelation, which indicates whether there is an autocorrelation among all spatial features. The domain of Moran's I is from −1 (perfect dispersion) to 1 (perfect correlation). A random spatial distribution is indicated when Moran's I is 0. In other words, the larger Moran's I is, the more clustered land uses distribute in lakefront zone. In this paper, all Moran's I values for each buffer were measured separately in 1991 and 2005. Then the loss rate of lake area with Moran's I could be calculated.
Measuring Center Displacement with Lakefront Land Use Change
In general, if human activities at a lakefront cause reductions of the lake area, the decrease should start from the lake surface, near the human activities. In addition, a single side of reductions could lead the center of the lake surface to move towards the other side. So the center of the lake surface can also indicate whether land use changes have an effect on the lake area.
In this paper, land use changes were represented by many discrete grids corresponding with their pixels in remotely sensed images. Each of these grids probably has its effect on the lake area. Since the spatial relations between the grid and lake could be different from each other, we use a vector with size and direction to describe their effects on lake area. The direction is from the grid center to the corresponding lake center. Thus, in a certain lakefront zone, the effect of all values on the buffer can form a vector sum that points to the lake center. If the size of the vector sum is 1, unit vector can represent the total effect of land use change in this lakefront zone on the lake center. If the center displacement between 1991 and 2005 is represented by vector , and the angle between and is represented by θ , can be a measure of the contribution from land use change to the displacement of center (Figure 9 ). (1) If > 0, such as θ , has a correlation with , there is a pushing effect of land use change on the lake area. In other words, there are some reductions in lake area due to land use change .
(2) If ≤ 0, such as θ and θ , has no correlation with , there is no reduction in lake area due to land use change .
Results and Discussions
Loss Rate of Lake Area with Proportion of Lakefront Land Use Change
The histograms in Figures 10 and 11 represent the ρ in Equation (3) in urban and suburban districts of Wuhan, respectively. The ρ can reflect how the loss rate of lake area is related to the increase of the land use change . For instance, in Figure 10 , has a value of 0.51 (positive correlation), which means that the loss rate could rise with an increasing . Accordingly, the loss rate could be reduced with an increasing . Thus, the greater the , the more significant the effect of on the loss rate of lake area. In urban districts, land use changes transformed from vegetation (e.g., , , ) or into developed and bare land (e.g., ,
) had greater positive correlation with the loss rate of lake area. In addition, land use changes transformed from developed land (e.g., , ) or into wetland and ponds (e.g., , ) had a larger negative correlation with the loss rate of lake area. In other words, when building structures and roads beside lakes or cutting down the greenbelts on a lakefront, there would be a significant possibility that the lake area has been filled in. That means the proportion of ( ) has a positive correlation with the loss rate of lake area. The larger the value, the greater the loss rate. Figure 11 . The ρ between the loss rate of lake area and the proportion of land use change in suburban districts of Wuhan. For instance, ρ is −0.28 when equals 31. That means the proportion of ( ) has a negative correlation with the loss rate of lake area. The larger the value, the lower the loss rate.
On the other hand, in suburban districts, land transformed from wetlands (e.g., , , ) or into agricultural land (e.g., ) had a positive correlation with the loss rate of lake area, and land transformed from agricultural land (e.g., , ) had a negative correlation. Thus agricultural land was the dominant factor for the loss rate of lake area in suburban districts of Wuhan. The larger proportion of agricultural land in lakefront buffers was likely to result in filling in the lakes.
In Figures 10 and 11 , the relationship between loss rate of lake area and every type of land use change from i to j could be quantitatively estimated from its correlation coefficient. The results suggested that: (1) both in urban and suburban districts of Wuhan, human activities such as building and farming could cause reduction of lake area and would be a threat to the lake ecosystem of the city;
(2) if land use type did not change (e.g., ), they would hardly contribute to the loss rate of lake area in the city. Figure 12 shows the relationships between Moran's Is of the lakefront land uses of Wuhan in 1991 (horizontal axis) and 2005 (vertical axis). There is a green dotted line that divides the coordinate plane in half. Points above the dotted line indicate that the Moran's Is of lakefront land uses in 2005 are larger than those in 1991. It could be found that both in urban and suburban districts, almost all of the lakefront land uses had a weak spatial autocorrelation in 1991, and most of them had a larger one in 2005. Thus it could be thought that the spatial distributions of lakefront land uses were approximately random, and have been clustered slightly with urban development and human activities. Figures 13 and 14 , respectively, show the loss rate of lake area with Moran's I in urban and suburban districts of Wuhan. In urban districts, Moran's I is raised significantly when the loss rate of lake area is between 0.2 and 0.8. However, there is no obvious variation of Moran's I if the loss rate is less than 0.2 or greater than 0.8. It is suggested that the spatial autocorrelation of lakefront land uses could be an indicator of the loss rate of lake area in urban districts of Wuhan. A higher spatial autocorrelation could indicate that the lake area has probably been reduced, and the loss rate was approximately 20% to 80%. On the other hand, there was no strong relation between Moran's I with the loss rate of lake area in suburban districts.
Loss Rate of Lake Area with Spatial Autocorrelation of Lakefront Land Use
In addition, according to Figure 12 , the spatial autocorrelation of lakefront land use in Wuhan has been increasing between 1991 and 2005 because of urban development. Moreover, the higher spatial autocorrelation could indicate the level of the loss rate of lake area. Thus, we could infer that urban expansion has indeed compressed the space of lakes, and caused reductions in the lake area in Wuhan. 
Center Displacement of Lake Area with Lakefront Land Use Change
All cos θ values were drawn as shown in Figure 15 . These indicate that in urban districts, land transformed from ponds, wetlands, and greenbelts (e.g., , , ), as well as land transformed into developed land (e.g., ) have components along with the center displacement . In addition, there were some reductions in lake area caused by them. Land transformed into ponds and wetlands had no effect on the lake area because their vector sums' directions were opposite to the center displacement. In the same way, land transformed from wetlands or into agricultural land (e.g., , ) had an equivalent effect to the center displacement in suburban districts, and land transformed into ponds and wetlands (e.g., , ) had a contrary effect. respectively. In other word, has a pushing effect on the lake center, i.e., there are reductions in the lake area due to in urban districts. On the contrary, there is no reduction due to in suburban districts.
The verified again that human activities like building and farming would lead to lake areas being filled in. Moreover, it should be noted that land use changes from ponds ( t ~t ) had significant relationship with cos θ in urban districts. In addition, according to Figure 10 , their proportions had a positive correlation with the loss rate of lake area in urban districts. Thus, ponds near urban lakes must be monitored and supervised strictly.
Conclusions
This paper quantitatively analyzed the impacts of lakefront land use changes on lake area in Wuhan, China. Land uses in urban and suburban districts were divided into six different categories, and were extracted from LandSat TM/ETM+ remotely sensed images taken in 1991 and 2005. The spatial changes of lakefront land uses during this period were located and compared by using GIS. The variation in the lake area was represented by loss rate and center displacement. The loss rate of lake area was connected with the proportion of each lakefront land use change and the spatial autocorrelation of lakefront land uses. The displacement of the lake center is measured with the vector sum of lakefront land use changes.
Relationships between the loss rate of lake area and the proportion of each type of lakefront land use in Wuhan were quantitatively represented by their corresponding correlation coefficients. It was shown that the proportion of land transformed into developed and agricultural land from other types of land use had a positive correlation with the loss rate. Thus the lake area would be reduced if people built structures and engaged in agricultural production in lakefront zones.
The spatial autocorrelation analysis of lakefront land use revealed that the clustering of lakefront land use was weak in Wuhan, and rose slightly with urban development. The spatial autocorrelation could be an indicator of the loss rate of lake area. Especially in urban districts, a higher Moran's I value indicated that the lake area had shrunk by approximately 20% to 80%. In suburban districts, the relationship between spatial autocorrelation and the loss rate of lake area was not clear, and needs to be studied in the future.
The contrast of directions between the displacement of the lake center and the vector sum of each land use change could indicate whether the land use change has led to its surrounding lake area being filled in. The results in Wuhan revealed that when ponds and wetlands were transformed into other land use types, the surrounding lake surface would be transformed into other terrestrial land use simultaneously. So, it is necessary to pay more and strict attention to the monitoring and supervision of ponds for the protection of lake areas in Wuhan.
